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i I. INTRODUCTION

This final report on Contract Nonr-495(16), (NR 017606) provides a
general summary of the work carried out under the contract from its incep-
tion on 1 May 1958 to its termination on 31 May 1964. The work under the
contract has covered several phases of x-ray physics which are discussed
triefly below. Detailed technical discussion of material which has not pr'?-
viously been presented in technical reports or published articles appears in
the appendices.

II. X-RAY SPECTROSCOPY

This phase of the work has been concerned with the investigation of
x-ray emission and absorptior. spectra and with their interpretation in terms
of current theoretical models. It has also included a study of the instru-
mental problems which affect the interpretation of the x-ray measurements;
in particular, the properties of the crystals used in two-crystal spec-
trometry and the design of spectrometers and their associated detection and
power supply systems.

Crystal Diffraction Patterns

At the time of inception of this research the question of the influence
of crybLal diffraction patterns on the observed x-ray spectra Vas of special
interest and the first study therefore concerned itself with this problem.
Studies were undertaken of the details of the (1,+l) and (1,-l) rocking
curves of natural and synthetic quartz and of the effects of radiation damage
on the x-ray characteristics of these crystals.

I It was demonstrated that the characterization of a pair of crystals for
use in x-ray spectrometry by the usual method of specifying only two param-
eters, viz., t' half-Aidtii of tric (i,-i) rocking curve and the percent re-
flection, is entirely inadequate. What is required is a knowledge of the
complete rocking curve with special emphasis on the shape and relative in-
tensity of the tail regions out to perhaps 50 to 150 half-•idths.

It also appears, as a result of taese studies, that synthetic quartz
crystals are potentially as good or, possibly, even better for x-ray spectro-

metry than natural quartz. This is important information in the light of
the difficulty of securing adequately large and perfect natural quartz.

The radiation damage studies indicate that irradiation sufficient to
produce marked coloration of the quartz (ca. 5 x 100 r.) produces no observ-
able effect on the x-ray diffraction patterns.

The details of this uork on crystals are contained in the M.Sc. thesis
of Mr. Paul C. Claspy which constitutes Appendix A of this report.

1



L Strics X-ray Spectra

The metals in the second transition group have become of increasing
technical importance because of their special mechanical, thermal, and
electrical properties. Previous work in this laboratory had been concerned
with the investigation of the L x-ray emission spectrum of zirconium; under
this contract the work was extended to include the L absorption spectra of
zirconium and the L spectra of the neighboring elements, niobium and molyb-
denum.

The interpretation of such spectra has conventionally been made in terms
of the theoretical one-electron model of a solid. This interpretation has
been called more and more into quistion by recent experimental data and it
seems clear that more sophisticated models and interpretations are required
Lu extract from the experimental x-ray data the desired information about
the nature of the electronic energy level structure of the solid. Neverthe-
less, the experimental data are of major importance in two respects. First,
they provide the basis required for even an approximate theoretical treatment
of the problem, and, second, they provide guidance as to the direction in
which more sophisticated theories must move. On the last point in particular

Sit is most helpful to have the kind of data which have been obtained here,
" viz., on the variations in properties which occur as one progresses from oneI element to the next in the second transition group.

A discussion of the experimental results which have been obtained so
far is given in Appendix B. It is intended to complete this study under
other auspices.

Instrumentation

Considerable effort has been expended on the problems of instrumentation
in the soft x-ray region. A new two-crystal spectrometer has been designed
and constructed and uith it its associated detection, data handling, and
power supply systems A discussion of the design considerations involved is
given in Appendix C.

I III. X-RAY SCATTERING

This phase of the work has been concerned with the determination of the
structures of gaseous and condensed phases of matter by x-ray scattering
measurements, and has been previously reported in detail in the technical
reports listed below.

Technical Report 809-1: "Calculation of the Transmission Factor in
X-ray Scattering." M. Sawada and C. H. Shaw. Journal of Applied
Physics 29, 1344 (1958).

Technical Report 809-3: "Low Temperature Spontaneous Transformations In
Fine Grained Alkali Metals." K. D. Alexopoulos and C. H. Shaw. The Ohio
State University Research Foundation, February, 1961.
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Technical Reort 809-4: "X-ray Investigation of the Characteristic
Temperatura of Tungsten." K. D. Alexopoulos and C. H. Shaw. The Ohio
(State University Research Foundation, February, 1961.

I IV. PERSONNEL

I During the contract period the following persons have been associated
with the research in significant positions.
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x-ray program at The Ohio State University. This aspect of the activity,
while generally passed over .ithout comment, may in the long run conceivably
be of as great importance to the increase of sýtentific knowledge and to the
national security as the more easily recognizable technical information which
has been obtained.
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U
CHAPTER I

I fTI ODUCTION

I. One of the major problems in spectroscopy is that of correcting an ob-
served spec.trum for distortions introduced by the spectrometer. In order to
make such a correction one must have information about the spectral window
(i.e., the spectral response function) of the spectrometer. In x-ray spec-
troscopy in particular, and especially in the wavelength range in which crys-
tals are used as dispersing elements, the correction problem has long been a
serious nlAe in high precision work. Recent developments in techniques for
correcting x-ray spectral require a much more intimate knowledge of the

1. J. 0. Porteus and L. G. Parratt, Technical Report No. 7 AFOS TN 59-754,
September 1, 1959. This report considers in detail the factors involved in
the problem of correcting spectra obtained with a two-crystal x-ray spec-
trometer and presents a solution which has been optimized with respect to sta-
tistical errors, interpolation and cut off errors, and noise. The report
also reviews and gives references to older work in the field.

spectral window, and thus of the crystal diffraction patterns, than has been
cormon in the past. Furthermore, there has been increasing evidence that the
diffraction patterns of crystals--even of such stable material as quartz--
deteriorate with time. 2 This thesis reports an investigation the purpose of

2. The fact that crystal diffraction patterns show secular variations has
been known in a qualitative way to ý.orkers in the field for many years. How-
ever little or no quantitative data on the phenomenon has appeared in the
literature. For unpublished data on the phenomenon see R. Kvarda, M. S.
thesis, The Ohio State University, 1957, R. J. Liefeld, Ph. D. dissertation,
The Ohio State University, 1959, and J. 0. Porteus, Ph. D. dissertation,
Cornell University, 1958.

which was to determine in detail the characteristics of the physical diffrac-
tion patterns of some quartz crystals, to attempt to establish criteria for
crystal selection, and to attempt to gain some insight into the mechanisms
involved in the deterioration of the x-ray reflection properties of crystals.

1 (uartz was chosen for use in this investigation for several reasons.
It has been rapidly replacing calcite in precision x-ray spectrometry because
it has been shown 3 that one can obtain quartz crystals which exhibit a high

3. 0. Adell, G. Brogren, and L. E. Haeggblom, Arkiv Fysik 7, 197 (1953).

value of percent reflection as well as a nominal resolving power4 of

4. For a discussion of resolving power, as applied to two-crystal spec-I, .troscopy, see Appendix I.

approximately twice that of calcite.

SIn addition, the availability of synthetic quartz crystels grown under
carefully controlled conditions5 offered the possibility of a reliable and

11



5. For a discussion of a method of growing synthetic quartz crystals see e.g.,
A. C. Walker, Ind. fng. Chem. j, 1670 (195).

continuing supply of spectrometer crystals of high quality. Such a supply 3
voAld release researchers from dependence on natural sources where finding
a good crystal is at best a matter of chance.

A detailed comparison of the x-ray reflection characteristics of samples I
of natural and synthetic quartz was therefore made during this investigation
end the results are reported herein.

The secular changes in the x-ray properties of the crystals, mentioned
earlier, usually involve a broadening of the diffraction patterns in the
central region, an increase in the magnitudes of the tails of the patterns,
and a decrease in the percent reflection. The exact mechanism (or mechanisms)
by which these changes occur is not known, but they possibly Involve a com-
bination of surface corrosion and radiation damage. An attempt to assess the
importance of radiation damage in the deterioration process in natural quartz
has also been made and the results are also reported herein.

Succeeding chapters contain, in turn, a description of the experimental
arrangements, a presentation and discussion of the data and results, and a
summary with conclusions.

CHAPTER LE

ERUENT& APPARATUS

We shall be concerned with the spectrometric properties of the analyzing
crystals used in x-ray spectrometers, especially with the widths and shapes
of rocking curves, and with the values of the percent reflection and coeffi-
cient of reflection. In this chapter we consider briefly the experimental
arrangements used to investigate these properties. In particular we uill de-
scribe the two-crystal spectrometer, the x-ray source and detection system,
and the gross physical characteristics of the crystals.

The Spectrometer

The basic desigg features of the two-crystal spectrometer used have been
described elsewhere. 0 However, two modifications have been made to increase

6. C. H. Shaw, N. Spielberg, and J. Soules, Report No. 6, Contract N 6 r--['
22521 N• 017 606M, The Ohio State University Research"7oundation, Columbus,
May 1951.

C. H. Shaw and N. Spielberg, Report No. 2, Contract No. AT (U-1)-191,
The Ohio State University Research Foundation, Columbus, March 1954.

J. Soules, Ph. D. dissertation, The Ohio State University, 1954.

R. J. Liefeld, Ph. D. dissertation, The Ohio State University, 1959.

the precision and ease of data taking. i

2



During the preliminary work for this investigation it was discovered
that the repeatability of small angular measurements with the existing microm-
eter and linkage mechanism for rotating the second crystal axis was not
sufficient for this study. Therefore, this assembly was replaced with a pre-
cision micrometer 7 which drives the tangent arm directly. This change enabled

7. Boeckeler Instruments Co., Model 4-3L. This micrometer can be read di-
rectly to 20 microinches and is guaranteed to be resettable to within 15 micro-
inches.

measurements of rocking curve widths to be made to ±.05 second of arc.

The second modification was the installation of new crystal holders.
The new holders were designed to improve the ease and accuracy of making
tilt adjustments. With these holders tilt adjustments can be reset to better
than ±30 seconds of arc. In addition, the distance a crystal moves off axis

when being tilted has been reduced to a negligible amount (e.g., a tilt of
16 minutes of arc--about the maximum tilt ever used--moves the center of the
reflecting area only 70 microinches off axis). The holders have been equipped
with Seeman wedges which can be used either as scatter shields or as limiting
slits..

X-Ray Source and Power Supply

The x-ray source used in this investigation was a Machlett type A-2
diffraction tube having a copper target and an effective focal spot 1 mm
square. Power for the tube I s obtained from a 50 kv regulated supply which
has been described elsewhere. The power supply was originally provided with

8. J. Collenge, M. S. thesis, The Ohio State University, 1951.

stepwise controls for current and voltage, but these have been modified so
that both are continuously variable. Provision has also been made for poten-
tiometric monitoring of both voltage and current. During each data run the
voltage was kept constant to within ±0.5 per cent and the current to within[1 per cent.

Detection System

X-ray photons were detected by a xenon- and methane- filled proportional
counter 9 the voltage for which was supplied by an Atomic Instruments Co. model

9. Soules, 2.2 cit., P. 59.

5 326 high-voltage supply. The pulses from the counter were fed to a pre-
amplifier and linear amplifier (Franklin Instruments Co. model 348) having a
built-in single channel pulse height discriminator. The discriminator out-
put was then fed to a scaler (Berkley model 2025) which was controlled by awi
electronic timer (Berkley model 811).

3



Although the detector was desigmed for work in the vicinity of 5A, its
quantum counting efficiency at 1.537A is 38 per cent, which proved to be
quite acceptable.

The linearity of this system has been examined by Liefeld,10 who found

10. Liefeld, 22. cit., p. 31.

that for -ounting rates up to 150,000 counts per minute the deviations from
linearity are random and less than 1 per cent.

The Quartz Crystals I
Our choices of the crystal planes and of the wavelength at which data

were taken were influenced by two factors. First, the desire to work in air,
and second, the desire to measure rocking curve widths to 1 per cent. The
desire to work in air requires usl of radiation of sufficiently short wave-
length (i.e., less than about 2.5A) that the absorption of x-rays in the air
path through the spectrometer does not seriously limit the intensity available
at the detector. In addition, the effects of small changes in crystal proper-
ties are more pronounced at short wavelengths than at long. On the other hand,
the desire to measure rocking curve widths to 1 per cent or better suggests
use of as long a wavelength as possible and use of those crystal planes which
have the largest grating space, since the angular width of the rocking curves
increases with an increase in either of these quantities. In fact, since the
precision of angle measurement is about 0.05 second of arc, we should choose
our wavelength long enough and the crystal gratirg space large enough so that
the full width at half maximum of the rocking curves is at least about 5 sec-
onds of arc.

For quartz the conditions discussed above are highly restrictive and our
choice of Cu Ka radiation and the (10,0) planes is almost the only reasonable
one that can be made under the circumstances.

Physical specifications. Both the natural and synthetic crystals used
in this investigation were cut from right-handed, single-crystal a quartz.
The natural crystals were quartz of Brazilian origin, and the synthetic
crystals were grown by Sawyer Research Products, Inc. 1 1  All the crystals

11. Sawyer Research Products, Inc., 35400 Lakeland Boulevard, FestJake, 'Oho

were cut, ground, and polished by the Valpey Crystal Corporation. 1 2  The

12. Valpey Crystal Corporation, Holleston, Massachusetts.

finished size of the crystals was 2"x 1" x 1/4", and the surfaces were polish-
ed to a 20 microinch rms finish. The surfaces were made parallol to each
other and to the atomic planes to within 2 minutes of arc. Unifortunately,
each synthetic crystal has a section of the seed crystal about 1/4 inch vide



in the center of the two-inch dimension. In investigating these crystals,
therefore, each synthetic crystal plate has been treated as consisting of
three separate single crystals.

Alignment of spectrometer and crystals. Before taking rocking curves
it is necessary to have the spectrometer in proper alignment. This includes
having the two spindle axes parallel, having the crystal planes parallel,
and having the crystal faces on the axis of rotation. This alignment was
accomplished in the following manner.

Before putting the crystals in place, an optically flat mirror was in-
serted in each crystal holder and, with this mirror as one mirror of a
Michelson interferometer and using white light fringes, the holders were
aligned so that the screws which determine the location of the reflecting
surface defined a plane which is on the axis of rotation within :1.Ip and
parallel to it within t12 seconds of arc. After placing mirrors inr both
holders, the two spindle axes were made parallel to each other to within
1/2 minute of arc using a telescope equipped with a Gauss eyepiece. Finally
the crystals were inserted in the holders and the atomic planes of the two
crystals made parallel to each other using an x-ray method.

The x-ray method makes use of the fact that the width of a (1,-l) curve
is a minimum when the atomic planes of the two crystals are parallel in the
vertical direction. Because of the time involved only those crystals to be
extensively investigated were so adjusted. It was found that for these
crystals the atomic planes were parallel to the surfaces within t2 minutes.
For the crystals which were not individually adjusted for tilt it is extimat-
"ed that the values given in Chapter III for the (1,-l) width and per cent re-
flection are within 2 per cent of the values for perfect alignment. This
estimate is made on the basis of average curves of (1,-l) width and ofg per cent reflection vs. tilt angle obtained with other crystals.

CHAPTER III

DATA AND RESULTS11
In selecting crystals for use in x-ray spectroscopy some criteria for

selection must be used. In the past the selection has been done by using as
criteria the rocking curve widths and values of per cent reflection. Such
comparisons will be made in this chapter. In addition we will look at the
shape of the whole curve, with particular emphasis on the tails. The data to
be presented and discussed in this chapter include rocking curves and their
widths and shapes, and values of the per cent reflection and coefficient of
reflection. Data on the one crystal which was subjected to radiation damageO will also be presented and discussed.

3 5
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X-Ray Reflection Characteristics .

This section discusses the data on the parallel and anti-parallel
rocking curves of the crystals. These curves were taken in the usual way,
i.e., by rocking the B crystal, leaving the A crystal stationary. One
natural crystal, Y4-F, 1 ' was arbitrarily chosen and placed in the A-crystal

13. The crystal designations are as follows. Y and W indicate natural
crystals; YS indicates synthetic crystals. The number following the above
designation ider.tifies a particular crystal. The l t•ters B and F indicate
the arbitraril) selected back and front faces, respectively. The number
following the face designation indicates which se.'tion of a £yntheti3 crys-
tal is being discussed. Thus, YS-2-F1 i the designation for the first sec-
tion of the front face of the synthetic crystal number two.

position. Then (1,-l) curves were run with each of the -emaining nature.!
crystals. The B crystal from the pair with the c~urve having the lowest tails,
Y3-F, was then placed in the A position and (i,-I) curves with some of the re-
maining crystals were taken. On the basis of the width and shape of these
curves (low tails), Y3-F and Y4-F were selected as the best pair. Y4-F was
used in the A position for the remainder of the work.

Since recording a (1,-l) curve, complete with its tails, is a time-
consuming task, a few crystals were selected for further study. These crys-
tals, when paired with Y4-F, gave values of (l,-l) curve width (w), per cent
reflection (P), and coefficient of reflection (R) which covered the range of
observed values of these quantities. The crystals were Y3-F, Ye-F, Y2-B, I |
YS-2-Fl, YS-2-F3, and YS-3-B3. After their (1,-i) curves and values of w, P,
and R were determined, these crystals were etched in 48 per cent hydrofluoric
acid for five-second intervals until further -tching had no effect on the
(1,-i) curves. The above quantities were then remeasured for each crystal,
again using Y4-F as the A crystal. The index of asyimetry, defined as the
ratio of the half-width at half naximum on the positive side of the (e,-I u1
rat to the half-width at haf maximum on the negative side of the peak, wa I
calculated for each curve. e

14. The notation for the positive and negative sides of the rocking curve
peak follows that given by A. H. Compton and S. K. Allison, X-Ray in Theory
and Experiment, (D. Van Nostrand and Co., N.e York, 1935), 2M ed., p. 732.

After these selected crystals were etched and the above data taken, thet
"best" natural crystal (Y3-F), the "best" synthetic crystal (YS-2-Fl), and a ..
crystal with anomalous behavior (YS-3-B3) were selected for still further
study. Each of these cryrtals was in turn paired with Y4-F, and (1,÷1) curves
of the Cu Ka doublet were taken. From these curves the widths of the s1 d & 2
lines, the indices of asymmetry, the overlap factors, 1 5 the relatiwv [1
15. The overlap factor is defined as the ratio of the minimum ordinate be--
tween the al and q2 peaks to the maximum ordinate of the a, litne, ai± m.Ltl-
plied by the ratio of intensity of a1 to aR.m

intensities of the peaks, and the peak separations were measured.

6



The data from the above investigations are presented in Tables I through
VIII and representative curves are s ovn in Figs. 1 - 5. The values of w and
P are accurate to about 1 per cent,,l and the values of R are good to about

16. Because of the high counting rates near the peaks of the (1,-l) curves
it was necessary to make corrections for the estirated 3 to 4 microsecond
dead time of the detection system. This correction has been nade for the
measurements of P, but was found to be negligible for v and R.

As stated previously, tilt adjustments have been made on only a few crys-
tals. Since v and P are dependent on the vertical angle between the atomic
planes, the values given for these quantities in Tables I and II may not be
the optimum ones. However., since v has its lowest value and P has its highest
value when the planes are parallel, the values in Tables I and nl are, if any-
thing, less favorable than those which would be obtained if the tilt adjust-
inert had been made.

3 per cent. The crossover points and ratios of (l,-l) curve ordinates to
Lorentzian ordinates are good to about 5 per cent. These data will be dis-
cussed in subsequent sections.

Empirical correlations. Previous discussions of crystal properties, as
involved in resolving power corrections, 1 7 have attempted empirical correla-

17. See, e.g., L. G. Parratt, Rev. Sci. Instr. 6, 3b7 (1935).

tions among these properties in order to determine a method of characterizing
the reflection properties of crystals. Among these correlations are those
relating (1,+l) curve width to (1,-l) curve width, and per cent reflection to
(1,-l) curve width. Although, as we shall see later, such correlations have
but limited usefulness, it is still instructive to examine them. We shall,
therefore, first look at the empirical relations, and later compare our re-
sults with the existing theory.

We consider 'first the correlation of (1,+l) width and (1,-i) width (see
Fig. 1). The data represented here are those of this investigation and those
of Parratt.17 It can be seen that the three points observed in this investiga-
tion fall quite close to the curve. Parratt has classified crystals into two
groups according to their spectrometric perfection. Crystals of Class I give
points which fall below the curve and those of Class II give points above the
curve. According to this classification of crystals, there are two pairs of
..:rystals of Class I and one pair of" Cl"• U. Note that two crystals having
nearly the same (1,+l) width have different (1,-i) widths, indicating that
use of the correlation of (1.+l) widths to (1,-l) curve widths is not a re-
liable means of crystal seiection. This and the other empirical correlations
will be discussed in more detail later in the chapter.

We consider next the correlation between per cent reflection and (1-1)
curve width (see Fig. 2). Althou&% most of the points lie near the ;urve,
indicating a rough correlation betueen these quantities, there Is considerable

7
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TABLE I I

M CENT RUEMOO, CBF.C FRL•OCTION, OfD 3
(1,-i) CUM WI FOR TO RA AL CMSOMALS

ED=I AXD AFM MVNHINGI

B-Crystal v v P Rlt Index of
(sec) (il) (radian An) yme1try

1 Theory 4.9 .099 64 1.8x2z] 1.00

li-F after 5.03 .102 61.0 1.93 1.11

Ti-B after 5.03 .102 62.o 1.92 .91

Y2-F before 10.7 .237 34.8 ---- 1.0o
after 4i.93 .100 57.7 ---- .92

Y2-B before 10.7 .237 3.9 ---- 1.02
after 4.93 .100 60.1 2.02 1.O6

Y3-F before 5.a) .105 58.5 .... 1.00
after 5.15 .105 60.5 1.93 1.00

YN-I-F Nov. 6.00 .122 51.8 ---- 1.09
June 5.77 .117 1.09

Ti-i-B Nov. 8.do .178 41.o .... .87
June 8.35 .169 .. .. .73

TN-2-F Nov. 6.00 LU2 51.0 ----. 8
June 5.95 .12 ---- .87

YN-2-B Nov. 6.67 .135 50.5 ---- 1.02
June 6.64 .135 .... 1.01

*In each case the A crystal was Y4-F.

**he values of R given here neglect intensity beyond .O hlWf-lrths,, but
this Is believed to introduce an error of no more than 3 per cent.

8



TABLE n

M.R ChNT MLECTION, C007ICIRT OF R ECTION, AD
(1,-i) CURVz WIDTH FOR THE SMTHETIC CRYSTALS3 YME AND AFMR ETCHING*

B-Crystal w w P R** Index of

(sec) (xu) (radians) Asynatry

II Theory 1.9 .O99 64 1.8&2x.o" 5  1.00

YB-1-7- 5.16 .105 61.0 ---- .94

Ys-1--F 5.06 .103 61.2 ---- 1.03

3 YS-i-B] 5.10 .103 60.2 ---- .97

YS-1.B3 4.96 .101 61.1 ---- .96

U YB-2--F before 5.18 .105 58.9 1.92 1.01
after 5.01 .102 62.0 1.93 .96

5 YS-2-F3 before 5.13 .104 58.2 2.12 1.1l4
after 5.03 .102 62.6 1.96 .92

3 Ys-2-Bl 5.20 .105 63.0 ---- .94

YS-2-B3 5.23 .1o6 61.4 ---- .9

SYBs-3Fn 5.26 .107 60.1 ---- 1.05
IYs- 3- F5 5.10 .103 62.0.o- 1 .07

Ys-33- 5.02 .102 61.1 -.-- .94

YS-3o-B3 before 6.62 .134 46.4 2.o4 .91after 6.75 .137 48.6 2.04 .93

] *Xn each case the A crystal was Y4-F.

*MSqe values of R given here neglect intensity beyond 40 hilf-widths, but
this is believed to introduce an error of no more than 3 per cent.

13
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TABLE IIII

RATIOS OF (1, -1) CURVE ORDINATES TO ORDINATES OF A MAI I3D 3T
AT 5 AND 35 HALF-WMS FROM THE PEAK, A1D CROSVER POITS

M (1.,-1) CURVE CROSSING MATmI LzrAN I
me t I

crystal (CA) 5  (C/L) 35  Crossover
+- + + -- [

fl-F after** .47 .53 .61 .55 14o 135 1
r2-F before 1.66 1.71 ---- 1.0 1.0

after .86 .88 ...... 9.75 8.0 1
Y2-B before 1.64 1.64 ---- ---- 1.2 1.0

after .62 .75 1.02 1.31 26.2 23.0 [
Y3- F be fore .47 .47 --......... . --

after .39 .4 .41 .44 185 183

YS-2-F1 before .62 .62 .71 .71 ... I
after .42 . .52 .- 9

YS-2-F3 before .88 .83 .99 .99
after .44 .47 .49 .50

YS-3-B3 before .34 .34 .34 .35 1
after .31 .34 .28 .37 ....

*In each case the A crystal was Y4-F. The distances of crossovers from the

peak are measured in terms of the half-vidth at half wwxla of the curve
under consideration.

**"Before" and "after" refer to the etching process.

10



TABL IV

CHARACMISTICS OF T (l,+1) CURw
OF M C u [a DOUBLI. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Characteristic B-Crytal*3 i-F YS-2-F1 YS-3-B3

Overlap ftctor 5.2x.O"2  5.0xlO-2 5.1xlO"2

I (1,,l) vidh (c)
01 line 26.2 25.4 26.2
Cx2 line 36.0 35.5 35.9

(1,+l) width (MI)
a, line .530 .514 .530
112 line .32 .7J2 .725

Index of Asymetryg 0 line 1.11 1.16 1.19
C2 line 1.33 1.33 1.33

"Ratio of Peak
Intensities (/o) .415 .4•5 .423

Peak Separation

(sec) 189 188 189(XU) 3.83 3.81 3.83

WvIth Y4-F as the A crystal. For the parallel position rocking curveI characteristics of these crystals see Tables I and HI.

U
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CALCULATED CRYSTAL DIFFRACTIO PATRN WIDTtS
ASSUKWJ A••L SHAPE

W* Single Crytal
(sec) Pattern Width (seec)

Crystal NOv. June Nov. June1959 1960 1959 19W0

n-F 5.03 -.-- 2.49 ....

Y3-F 5.15 5.00 2.59 ....

Y--F ... - --- 2.57 ....

YN-1-F 6.00 5.77 3.43 3.2D

YN-l-B 8.80 8.35 6.23 5.78

MN-2-F 6.00 5.95 3.43 3.38

YN-2-B 6.67 6.64 . 4.07

*Measured (1,-i) width with YV-F as the A crystal.

12
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TABLE VI

CALCULATED (1,1-1) WIDTHS ASSUMING L0RENTZIAN SHAPE

I.* • Per Cent
Crystal Caic. (sec) Exp. (sec) Difference

.Feb. June Feb. June Feb. June

196 1960 1W6 1960 1960 1960
Y1-F 5.08 ---- 5.08 ---- 0.0

YN-i-F 6.02 5.79 7.22 6.62 -16.6 -12.5

3 YN-1-B 8.82 8.37 6,28 7.17 +40.5 +16.7

YN-2-F 6.02 5.97 5.70 6.38 + 5.6 - 6.4

3 YN-2-B 6'69 6.66 6.17 6.26 + 8.4 + 6.4

*With Y3-F as the A crystal.

I" TABLE VII

ETCH PIT DENSITIES

Crystal w Average Number
(see) per cm" 2

SYl-F 5.08 2.5xlO5

Y2-F 4.93 30

SY2-B 4.93 30

Y3-F 5.15 5.0

SYS-2-F 5.03 7.5

SYS-3-B 6.75 2.5

[I



TABLE VIII '
(1,-i) CM•E CHARACTfSTICS

OF CRYSTAL Yl-F BEFORE AND AP IRRADIATION

Characteristic Before IrT. After Irr.

(1,-i) width* 5.03 sec 5.06 sec

Per cent Reflection 61.0 61.41

Coefficient of .Re fle ctio-,. I. 93yi0" 5 2.03X1lO"5 .

Lorentzian Crossover

+ side of peak 140 ± 5 142 5

- side of peak 135 ± 5 1455 5

NWith Y'4-F as crystal A.
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scatter. This scatter, which reduces the usefulness of the correlation,
results from differences of shape of the single crystal diffraction patterns.

We consider, finally, the indices of asymmetry which have been cal-
culated for each (1,-i) curve (see Tables I and II). The large scatter in
these values indicates that there is no strong correlation with any of the
other characteristics.

As has been stated previously, another characteristic of interest to us
is the shape of the tails of the (1,4) curve. In an attempt to establish a
semiquantitative method of comparison of the tails, each (4,-1) curve was
compared with a Lorentzian which was matched at the peak and half-maxiuim
points. (The central region of such a curve is shown in Fig. 3.) Ratios of
the (1,.l) curve ordinates to the Lorentzian ordinates at 5 and at 35 half-
widths on either side of the peak were then calculated (see MLble III).
Note that the ratios for the etched crystals, except Y2, are less than one
and those for the synthetic crystals are about the same as those for the
natural crystals.

It is interesting to note that one crystal (YO3-D3) displays an appar-
ently anomalous behavior. Referring to Table II, it is seen that, even
after 105 seconds of etching, this crystal has a (l,-l) width of 6.75 sec-
onds when paired with Yh-F, and a reflection of 48.6 per cent. These re-
sults are, respectively, 38 per cent larger than and 24 per cent less than
predicted. However, the measured coefficient of reflection, the tails of
the (1,-l) curve, and the overlap factor and indices of asymetry for the
(1,+l) curve, as given in Table IV, are about the same as those of the other
crystals. No explanation of this behavior is proposed.

Other apparent anomalies are involved in the asurements of v which are
listed in Tables V and VI. For these measurements various crystals (MI-1-F,
15-1-B, Y1-2-F, and 1I-2-B) were paired first with Y4-1F and then with Y3-F
as the A crystal. We see that the value of w for Y1-2.B and 1N-I-B when
paired with Y1-F is larger than the value of w for these crystals when paired
with Y3-F. The reverse is true for YN-1-F and YN-2-F. Since Y3-F and Yi-F,
when paired, give a symmetrical curve (see Table I) their diffraction pat-
terns must either be identical or symmetrical, or both, as we shall see later.
On this basis, then, one would expect that if v is larger for a given crystal
when paired tith Y1-F than when that crystal is paired with Y3-F, then v
for any other crystal should be larger with Y4-F than with 13-F. As we have
seen, however, this is not necessarily the case. Two sets of values of v,
measured at difftrent times, are listed in T.bles V and VI. Although the in-
dividual widths have changed somewhatpl the apparent -noomaly which ws pointed

18. ""3-F and Y¥-F when paired give, withln experimental error, the ao
curves at both times, so -e may infer that the change has occurred in U]I-I-F,
YN-2F, and i|-2-B.

out above is present in both sets of measurements. Although the reasons for
the anomaly are not as yet understood, its existence points up the need fbr
careful investigation of each pair of crystals.

2D
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.Comp son with theory. The scattering of x-rays from crystals involves
tVo main processes: coherent and incoherent scattering. No single theory to
date takes simultaneous account of both types. On the one hand we have theo-
ries such as the Darwin-Ewald-Prins (DEP) theory which considers only coherent
scattering from perfect crystals; and on the other hand we have separate theo-
ries for the various types of incoherent scattering, such as thermal diffuse

scattering (TDS), Compton scattering, and scattering by imperfections in the
crystal. The relative importance of the coherent and incoherent scattering
varies with the part of the crystal diffraction pattern under consideration.
In particular, the coherent scattering gives the major contribution in the
central region around the Bragg peak, whereas the incoherent processes makeI their major contributions in the region of the tails of the crystal diffrac-
tion patterns. We shall therefore divide our discussion of the theories into
two corresponding sections. We begin a discussion of the cent al region of
the diffraction pattern with a consideration of the DEP theory.

The DEP theory assumes that 1 9

1 19. For a detailed discussion of the DEP theory see, e.g., R. W. James,
Optical Principles of the Diffraction of X-Rays (G. Bell and Sons Ltd.,

ý 190on, Cj9_ITha.--an1 n he materiZ of Appendix II of this thesis.

1. All crystals have identical single crystal diffraction patterns.

2. Only Bragg reflection occurs, and the crystals are perfect.

Single crystal diffraction patterns (and from them (l,-l) and (1,+l)
curves) have been calculated for calcite using the DEP theory,20 but none

20. A. H. Compton and S. K. Allison, X-Rays in Theory and Experimentg (D. Van Nostrand and Co., New York, 193T57,2nded. p.-7rr.

have as ytt been calculated for quartz. The theoretical (1,-i) curve is ob-
tained by plotting 1  Fk

0 21. For a discussion of this equation zee Appendix II.

where F1 (t) and F (2-k) are the diffraction patterns of the first and second
crystals, respectively, and 0(k) is the ordinate of the (1,-i) curve uhen the
angle between the crystals is given by k. If 0(k) is'asymmetric, then F and
F must be different and asymmetric functions. An examination of the inhces

asymmetry given in Tables I and II shows that most of the curves are near-
ly symmetrical, and, for some, the assumption of identical diffraction pat-
terns is probably good within a few per •.ent.

SOther parameters of the peak region are w, P, and R. Values of these
quantities have been calculated for quartz by Adell et al and are listed in

22. 0. Adell, G. Brogren, and L. 1. Haeggblom, Arkiv Fysik 1, 197 (1953).

Tables I and II. Comparing the experimental values of these parameters with

II
t -' . . . .. ..--



those predicted by the theory, we see that for most of the crystals the
agreement is within a few per cent. In the central region, then, the agree-
ment between the theoretically predicted values of w, P, and R and the
measured values of these quantities indicate that comparison with the theory
can be used as a guide for determining the degree of perfection of crystals.

We now turn to the tails, and the incoherent scattering processes

which are important in this region of the curve.

Chipman and Paskin2 3 have studied the scattering of x-rays from lead

23. D. R. Chipman and A. Paskin, J. Appl. Ptys. 3, 1992, 190 (1959).

and copper in the region of Bragg peaks. They have concluded that for these
materials the DS can account for almost all of the tails of these peaks,
and that the contribution to the integrated intensity may be as large as

15 per cent in the case of lead for Cu IK radiation. In addition, they point
out that a calculation of TDS which takes account of two-phonon scattering
processes exhibits peaks coinciding with some of the Bragg reflections and
that occasionally these peaks are rather sharp. The role of the IDS in
quartz has not been evaluated quantitatively and the results of Chipman
and Paskin cannot be easily extrapolated to quartz because of the difference
in the crystal structure. But, since the Debye temperature of quartz (about
500°K) 2' is much higher than that of lead (about 80oK), it is expected that

24. D. W. Berreman and T. T. Chang, J. Appl. Phys. 10, 963 (19").

the TDS intensity would be much smaller for quartz. It would be of interest,
however, to have calculations on the TDS in quartz because, to the extent
that it is important in the central region, and particularly if It peaks at
the Bragg peak, it will affect the shapes of the rocking curves and will need
tQ be taken into account.

Compton scattering also contributes to the diffuse scattering in quartz.
To the author's knowledge, no experimental information on the magnitue of
this contribution is available and no calculations of it have been made.
Such calculations would have to consider not only the effects of electron
binding in the atoms, but also the fact that the atoms are in a crystal
lattice. The probability of a Compton scattering prxcess, which gives rise
to an electron of a specific energy. depends on the availability of an empty
energy level to which the electron may go, which in turn depends on the elec-
tron energy band structure of the crystal. Walker 2 5 has illustrated this

25. C. B. Walker, Phyz. Rev. 103, 556 (1956).

point well for the case of aluminum. In an insulator such as quartz, the
ejected electron must have a minlmum energy, viz., the energy of the band gap,
in order for the scattering process to have an appreciable probability of
taking place. The Comptqg scattering in diamonxd has been observed by
Alexopoulos and Brogren, who report a gap between the Brag scattered

22
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"26. K. Alexopoulos and G. Brogren, Arkiv Fysik 6, 213 (1953)

radiation and the Compton scattered radiation approximately equal to the
known electron energy band gap. To the author's knowledge, the band gap for
quartz has been neither measured nor :alculated, but it is reasonable to
asaume that it lies in the range of 5 to 10 ev. The minimum separation be-
tween the energy of the Bragg peak and tne Compton scattering should also lie
in this range. As has been noted, there are no quantitative data available
on the Compton scattering from quartz, but it is probably of the same order
or magnitude as the TDS.

A third factor contributing to the -hape of the diffraction pattern is
scattering by imperfections in the lattice. The imperfections may be chem-
ical impurities or mechanical imperfections such as dislocations. The mis-
orientations produced by dislocations will broaden the (1,-l) curves and will
also produce diffuse scattering, which is especially important in the tail
region. The density of dislocatici s in a c 'fstal may be inferred from the
observed etch pit densities. Kurt7. et al., ia-' reported a direct coriela-
tion between etch pit densities and i,-i c,-v' widths for germanium.e 7

[7_. A. D. Kurtz, S. A. Kulin, and B. L. Akerbach, Phys. Rev. 101, 1265 (19M.

"In an effort to see if such correlations exist for quartz, etch pit densities
were determined for several - ystals, and are listed in Table VII. The aver-
age density, exciuding crysta&. Y2," was 5 x 105 cm"2 while for Y2 it was
3o x io5 cmn2 . I11 we compaee the (l,-l) curve width of Y2 with that of thej. remaining crystals (see Tavles I and II), we see that an increane of a factor
of six in the etch pit densiti has no appreciable broadening effect on the
observed (I,-l) curve. Ho, ev.r, since the etch pits are indications of dis-
locations which procace miorientations of the atomic planes, the crystalsI are obviously less than ptrfect.

Although the wvith of the (1,-l) curve seems to show no functional de-
pendence on the number of dislocations, the tails of the (1,-l) curve do seem,
at least in a rc'gh way, t(- Le so affected. Fror Tables I, I11, and V1I we
note that crystal Y2 has the highest etch pit dvnv-ity and has also the high-
est tails of those crystals observed. On the other land, the width of Y2 is
about the smallest measured. If the htight of the tail.; is in fact due to
a large dislocation density. one might expezt t.:,at the width would also be

large. We do not at present ravv any .: iaaiK ,rfor why this is not so.

Analytic rt-presentation or a (1,-I) cur-.;c. Often in correction proced-
urcs, us a matter of convenience, twie (1,-i) :•r. is replaced by a Lorentziar.
We wi.U now ex~mine the validity of s_.c 0,t ns.

A typical (1,-I) curvy (that for YE-.-F w'ith Y-4-F) which has been nor-
m malized to unit intvnsity at t:;e ;wak, and plotted a... a function of the half-
width at half maximui, intensity (1), i. :hoTvr. in Fig. 3. The =urve is cost-
"pared with a similarly normaized Lorentzian oa the came half-width plotted
on the same scale. It can be zeen that -.here&a in the central region the fit
is -ithin experimentel error, be)ond one half-width on each side the (1,-I)

II 2'



curve fails below the Lorentziba. It has been the author's experience that
a (1,-i) curve will eventually rise above its matched Lorentzian. Therefore,
the points at which these two curves cross over may be used as a means of
comparison. These crossover points, for the natural crystals, are listed in
Table III. Unfortunately, the presence of the seed crystal in each syntheticj
plate geometrically limits the study of the (i,-i) curve to a region within
forty half-widths on either side of the peak, and in each case the -rossover,
if it exists, is beyond this region. Therefore, in place of a crossover point,
the ratios of the ordinates of the (l,-l) curve to that of the matched Lorent-
zian at 5 and at 35 half-widths from the peak are used as a basis for compari-
son. These ratios are listed in Table III.

In the correction procedures we also need information about the area
under the tails of the curves. Fob a Lorentzian, the ordinate at a distance
of ".O from the peak is 6.25 x .O-, and the area out to this abscissa value
a counts for 99 per cent of the total area of the Lorentzian. If we arbi-
trarily consider the region of the tails as beginning at 2., then the area
under the Lorentzian tails amounts to 29 per cen t of the area out to J4 ;
whereas the corresponding area under the (l,-l) curve amounts to about 15
per cent of the (1,-l) curve area out to that point. The difference in these
two areas indicates clearly that one cannot use a single Lorentzian to repre-
sent a (1,-l) curve over its entire range and that special treatment must be
given to the tails.

Single crystal diffraction patterns. If, in spite of the discussion of
the previous section, one assumes that Fingle crystal patterns can be repre-
sented by Lorentzians, then by pairiug crystals and measuring (i,-l) curve
widths, one can determine the width of these Lorentzians and predict (1,-1)
curve widths for other combinations. This is quite simply done since, if A
and B are the single crystal Lorentzian widths, the (1,-l) curve will t a
Lorentzian whose width, Wl, is given by

A + B= w

This means that if one uses three crystals, having Lorentzian sing'.e crystal
diffraction patterns of -idths A, B, and C, then by taklys (A,-i) widths of
combinations of these crystals, two at a time, one can solve tCe following
equations for A, B, and C:

A + B v

A + C v.

B + C

T.is has been done for three crystals (Y4-P, Yl-F, Y3-F) and the resultt are
given in Table V.

A
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Since the single crystal pattern width of Y4-F has been calculated by

the above method, the single crystal widths (Lorentzian shape) of the remain-
inZ crystals could be calculated from the values of w given in Tables I and
II. W.Lth these numbers the values of w for several crystals in combination
with Y3-F were predicted and then compared with experiments. The results of
this are shon in Table VI., Although for the borad (l,-l) curves this method
is not very accurate, it becomes more accurate as the (l.-l) curves become5 narrower.

3 Irradiation Effect

Various infestigators have reported that crystals used in x-ray spec-
trometers show a definite deterioration of their x-ray reflection character-
istics with time. 28 It seems reasonable to assume that these changes result

28. See R. Kvarda, M. S. thesis, The Ohio State University, 1957; R. J.
Liefeld, Ph. D. dissertation, The Ohio State University, 1959; and J. 0.
Porteus, Ph. D. dissertation, Cornell University, 1958.

from a combination of surface corrosion and radiation damage. In fact, it
has been observed that etching, or, in extreme cases, grinding and repolish-
ing the crystals may restore the reflection characteristics to their original

* values.

In an atteapt to study the relative importance of radiation damage in
the deterioration process, ong of the natural quartz crystals (Yl-F) was
subjected to a dose of 5 x 10 roentgens of x-radiation from a Machlett AEG-50
copper target x-ray tube. 29 This dose was sufficient to produce a light tan

29. The x-ray tube was operated in a Picker diffraction unit, self rectified,
aL 30 PKV and 1.5 ma. The cry-tal was placed at a distance of 10 cm from the
target and in such a position that the entire irradiated area received at
least 90 per cent of the full beam intensity at that distance. A check of the
optical transmission in the irradiated area showed it to be constant within
-± 0.5 per cent

[ coloration in the irradiated area, and was probably P,,ore than a crystal would
receive during an extended length of time in normal spectrometer use.

SBefore and after the crystal was irradiated, (1,-i) curves and measure-
ments of per cent reflection were taken. The values of w, P, and R, and the
Lorentzian crossover points are given in Table VIII and the (1,-l) curves are
shown in Fig. 4. It is apparent that no appreciable change occurred on irrad-
iation, indicating that, at least for this crystal, any change in the spectro-
metric properties resulting from the radiation damage is small and insuffi-
cient to explain the very much larger changes which other investigators have
reported.

After the irradiation of crystal Yl-F, its optical transmission was re-
measurcd as a function of wavelength. The results of this measurement, along
with the transmission before irradiation, are shown in Fig. 5. The change in
optical transmission on irradiation has been studied by Forman, who attributes

I25
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it to absorption by electrons trapped in F-center-11ke traps.3 0  It has

30. G. Formn., J. Opt. Soc. Am. 41l, 377 (1951). "

recently been suggested, on the basis of nuclear magnetic resonance measure-
ments,3± that the electrons trapped in these color centers have been removed

31. J. H. E. Griffiths, J. Owen, and I. M. Ward in Report on the Conference
on Defects in Crystalline Solids, (The Physical SocietyLon•on1955)p 1...

from Al '_ons. which are substitutional replacements for Si atoms in .6

lattice.
3•-

32. The suggestion that the coloration of quartz is due to the preseL.• & ro
Al" ions is supported by the work of A. J. Cohen and H. L. Saith, J. CU , '
Phys. 28, 40l (1958), which reports a direct dependence of the color ne _33
on the amount of aluminum present.

Since the irradiation induces only small shifts in electron densities-
in the quartz, one should nj expect a large immediate effect on the x-ray
reflection characteristics. It is quite possible that these displaced

33. M. Wittels and F. A. Scherrill, Phys. Rev. 93, 1117 (1954), ha&Ve shovn

that bombardment of quartz with a high flux density of fast neutrons can com-
pletely destroy the crystalline structure. Such a result is not expected
from x-ray irradiation.

electrons act as catalytic agens for the surface corrosion, which in turn
produces the deterioration effect.

If this is indeed the case, then it seems likely that a crystal with no
aluminum, or other impurity content, and having a more, nearly perfect lattice
from this standpoint, might deteriorate less rapidly. 3 Of course these

34. Crystals of higher purity and lower dislocation density than those in-
vestigated for this thesis are now being produced in the attempt to obtain
synthetic quartz of high "Q" for use as oscillators. See J. C. King,
D. L. Wood, and D. M. Dodd, Phys. Rev. Letters 4, 500 (1960).

considerations are only specuiation at present; one must also consider

physical defects such as dislocations when discussing'lattice perfection.
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SE24R AND CONCLUSIONS"It

1The results of this investigation show that synthetic quartz can be
obtained with spectrometric properties which are sufficiently good to per-
mit them to be used as replacements for natural quartz in high-resolution
x-ray spectroscopy. It is possible that special high purity, high "Q",
synthetic quartz mentioned in Chapter III may prove to be even better than
any of the crystals, synthetic or natural, investigated for this thesis.

It has also been shown that a pair of crystals can be adequately char-
acterized only by its complete rocking curve, and a comparison of these

3 curves is the only reliable method of crystal selection. This has been
pointed up by such apparent anomalies as two crystal pairs having the same
(1,+l) curve width and different (1,-l) curve widths, and Uwo rybLai pairs
having the same per cent reflection and different (l,-l) curve widths. The
fact that the (l,-l) curve width for some crystal pairs changed in the
relatively short time of five months indicates that if one widhes to make
reliable resolving power corrections to observed spectra, he must keep a con-
stant check on the shape of the (1,-i) curve.

The effect of x-radiation damage on the x-ray reflection characteristics
of natural quartz has been investigated. It has been found that there are no'.immediate effects, although the displaced electrons may catalyze surface
corrosion and thus may help to produce the long-term deterioration effects
which have been observed.

,I
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APPENDIX I

RESOLVING POWER AND CRYSTAL DIFFRACTION PATTERNS

The resolving power of a spectrometer ordinarily refers to the ability
of that instrument to separate two spectral lines so that they may be dis-
tinguished as such. The numerical resolving power of a spectrometer is de-
fined as

The question now arises as to what one should use for a. In optics many

criteria have been established, 3 5 while in two-crystal x-ray spectroscopy

35. For a discussion of some of these criteria see R. W. Ditchburn, Liet
(Interscience Publishers, Inc., New York, 1953), Chap. 8.

a is taken as36

de

D

36. A. H. Compton and S. K. Allison, X-Rays in Theo an
(D. Van Nostrand and Co., New York, 19-35,n-ed., p. 712.

where de is the angular width at half maximum intensity of the (l,+l) crys-
tal diffraction pattern and the dispersion D is

D 2tanI

Since the (1,+i) diffraction pattern can be reasonably approximated by the
(1,-i) curve, the value usually used for dO is the width of the (l,-l) curve.
In a larger sense, however, one is interested not only in the fact that a
line is present in the spectrum, but also in the shape of the line. The
numerical resolving power, while useful, does not provide sufficient informa-
tion for the determination of the true line shape since the smearing of the
incident spectrum depends on the shape of the crystal diffraction patterns;
and a diffraction pattern with a narrow peak may have either low or high
tails. Only if all diffraction patterns had the same shape, and that shape
were known, would the numerical resolving power give complete characteriza-
tion of a curve.

An observed spectrum 0 (vs) can be represented as the fold, or convolu-

tion, of the true incident spectrum T(v) with the measuremental smearing func-
tion M(v-vs) of the spectrometer, i.e.,

O(Vs) .fM(v-Vs)T(v)dv .
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where v. is the spectrometer setting.3 7 For a two-crystal x-ray spectrometer

I37. or references to methods of solution of the convolution equation and the
presentation of a new method of optimizing the solution, see J. 0 Porteus and

I L. G. Parratt, Technical Report No. 7 AFOS TN 59-754, September 1, 1959.

the function M(V-Vs) can be represented, at least in the region of the peak,
by the (1,+l) diffraction pattern of the crystals. In the tail region other
factors, such as slit geometry, must be taken into consideration. Also,
since the (1,+.1) diffraction patterns cannot at present be determined experi-
mentally, the (1,-l) curve is used in its place.

The shape of the (1,-l) curve, and particularly the area under the tail
relative to that under the peak, is important in determining the contribution
of these two regions to the smearing. In fact, if a choice is to be made be-U tween two crystal pairs, one with low tails and a relatively wide peak, and
one with high tails and a relatively narrow peak, the choice between them is
not clearcut, and the situation must be examined closely to see which pair
will produce the smaller smearing.
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APUIX nI

TME DAWIN-EWALD-PRMIS TI OF Z-RAY D RACTO
JRCI PERFBCT CRYS!ALS

This section contains a suinry of the results of the ID theory38 wd

36. For a more complete discussion of this theory see R. W. James,..O
Optical Principles of the Diffraction of X-Rays (G. Bell and Sons, LU':,
London• 1950)., ,,,

a discussion of the precision with which values of the (1,-i) curve vidth,
"per cent reflection, and coefficient of reflection can be calculated rtm
these results.

Single- and double-crystal diffraction patterns. Let F(j) be the atio
of the intensity reflected from a crystal to that incident on it. h

rw . 1,.(AiB6) 1/b.~+•)1.[(+1•2

+ ( A÷ iB) 1/5 cos , , 12

39. The specific notation used here is that of 0. Brogren, Arkiv ?yk6,
321 (1953).

where
i ~ A+iB = (Fi/Zi)(5i÷ioi),

Fi = structure factor vf the i-type atoms in the unit cell,

Z = total number of electrons associated with i-type atoms
in the unit cell,

= unit decrement of the index of refraction of a material
composed of i-type atoms,

i n linear absorption coefficient of a mterial com e& of
i-3type atoms.

|3



3
03 Bragg angle, and

- (sin2B/2)(6-eB)-l.

Eqkuation (1) can also be written as

SF(J) = 1/2 310(j) + 1/l•,r(j) ,(la)

vhere F,(O) refers to that part of the radiation v hose electric vector is
polarized perpendicular to the plane of incidence., and Flr(J) to the radiation

whose electric vector is parallel to the plane of incidence. Equation (1) is
the equation of the single-crystal diffraction pattern as predicted by the
DO theory. If we assume that both crystals in a two-crystal spectrometer
have the same diffraction pattern, the (1,-l) curve, and its width at half
maxima., v, can be obtained by piotting3 O(k) - 1/2Th 0 (A)Fo(1-k)di + 1/2J r(z)Fi(L-k)dL (2)

for various values of k. With the same assumption, the coefficient of re-
flection and per cent reflection are given, respectively, by

22~3R LC __O(e)dL]' +uU..UL (3)
SF•. ( )dA + Fr(A)dj

3I and

- CFa (L)id +f:Fjr (I)dL (4)SF 0(1L)di + Frjd

These quantities have been calculated for the (10"0) planes of quartz
at 1.537X by AdeLl et al,20 who give the following values:

taO. 0. Adell, G. Brogren ard L. E. Haeggblom, Arkiv Fysik It 197 (1953).

v a 4.9 sec,

R a 1.8& x 10- 5 radians, and

1 P a 64 per cent.

In comparing experimental results vith a theory such as the one discussed
above, one should have some notion of the precision of the calculated results.
Unfortunately, no statement of the precision is given by the above authors.

*31



For calculations made using the DDP theory, probably the largest iSurce
of error lies in the values used for the atomic scattering factors. Other
possible sources of error lie In the values used for the mass absorption co-
efficients and the unit decrement of the index of refraction. lovever, in
the case considered here these errors are relatively smll and vllU not be
further discussed.

The atomic scattering factor4l for a free aton at O°K Is given by

4l. For a more complete discussion of atomic scattering factors see C t
and Allison, _%. cit., Chap. VI.

ro zt un(r)!inL.#Ldr(50 o

where Z is the atomic number, un(r) dr is the probability that the n-th elec-
tron will be between the radii r and redr from the center of the atom, and

Sk. (6)
k rsin 1/2 01.(6

The values of fo used by Adell et al, are those given by Jeaw and BrIndley,

4. R. W. James and 0. U. Brindley, Phil. k•g. 12, al (193l).

for which un(r)dr was calculated by Rartree's self-consistent field nethci.
There, re no experliental values of fo for oxyen and silicon, but Jame and
Firth1 ' have mnesured values of f. for sodium and chlorine loan. A comarison

43. R. V. James and Z. M. Firth, Proc. Roy. Soc. (London) AlT '62 (1927).

of theoretical and experimental values for sodium ions shovw that the agree-
ment is not better than about 3 per cent. This should be expected since
atoms in a crystal lattice are different from the free atoms for which Sq. (5)
is deslined. It seems quite reasonable to assume then, that the predicted
values of f for silicon and pygen at O°K are probably not accurate to better
than about 3 per cent either. Since E. (5) gives the scattering factor at

4. Atomic scattering fctors for several elements have been calculated ne- !
cently by A. J. Freemn, Acta Cryst. 12, 261 (1959), using more recent values
of u%(r) dr than those used by Jams and Brindley. Mes results agree v..th
those of Jaws and Urind~ley at samil values or (sinG),4 but are about 3 to 8
per cent lower at large values.

0O°, mliflcations due to temperature effects mst nov be taken Into accomut.

It Is well known that at a temperatu"re , the atom ina lattice have A
vibrational energy which is the sm of the aero-polnt enmW and tbwml
energy. A theory for the effect of these vibrations on the atomic sostterng
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factors in a monatomic cubic lattice has been given by Debye and Waller.45

3 45. For a discussion of the Debye-Waller theory see R. W. James, a. cit.,
Chap. V.

In order to use the Debye-Waller theory, one must have a knowledge of the
i• characteristic temperature of the material under consideration. In cubic

crystals this characteristic temperature is a single number for a given mat-
erial, but in crystals of lover symetry, such as quartz, each principal axis
of the crystal has a different chgracteristic temperature associated with it.
Using an equation given by Post," Berreman and Chang47 have calculated these

36. 2. J. Post, Can. J. Phys. 31, 112 (1953).

117. D. W. Berreuman and T. T. Chang., J. Appi. Phys. 120, 963 (1959).

temperatures for quartz. If we substitute the characteristic temperatures
given by Berreman and Chang into the Debye-Waller equation, we find that at
300 0KI

f - .985 fo for oxygen and

f - .991 fo for silicon.I
Therefore, neglecting the temperature correction, as was done by Adell,
et al, results in the use of scattering factors which are of the order of
rT' 2 per cent too large. However, since the actual values of f0 are prob-
ably not known to better than about 3 per cent, as indicated previously,
neglect of the temperature correction is probably not serious.

In the foregoing discussion the necessity of a knowledge of ti type of
bonding in the crystal has not been mentioned. James and Brindley have
shown, however, that there is a considerable difference between the ionic andI the atomic structure factors of an element. In the calculations of Adelle,
et al, it was assumed that the bonding in quartz is wholly covalent, but as
YIasstone1 8 points out, it is believed that the bonding in quartz is about

46. S. Glasstone, Textbook of Physical Chemistry (D. Van Nostrand and Co.,
New York, 1946), 2ad ed., p. -90.

I half ionic and half covalent. Neglect of the partial ionic character by not
using an average of the atomic and ionL• structure factors probably introducese an error of the order of 2 per cent.

Thus it can be seen that, because of the uncertainty in the values of
the atomic scattering factors, the neglect of the temperature correction, and
the assumption that quartz is a covalent crystal, the uncertainty introduced
into the value of F(I) is probably at least of the order of 2.5 per cent,
and the calculated values of w, P, and R are probably known no better than

It a (1.82 1 .05) x l0'5 radians,
W W 4.9 - .1 seconds, and

1 P 641 2 per cent.
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APPDIIX B

TIE L X-RAY SPECTRA OF XEDWTS IN THE ICOND TRANSITIOII GROUP

In addition to Zr, the work on which has been previously reported,
investigations were conducted on the L emission spectra of Nb and Mo.

These elements share with Zr the problem of being refractory naterials
difficult to obtain in convenient high-purity forms. They also exibit the
same sensitivity to contamination by oxygen, nitrogen, and sulfur.

The data, presented as graphs of the spectra in the figures vhich follow,
represent the best experimental results obtained thus far. While they repre-
sent well the qualitative aspects of the spectra, they are still to be con-
sidered preliminary. A detailed quantitative analysis and cooarisom With
theory must await some additional data and the correction of t:e final ex-
perimental curves for various instrumental effects, and for the effects of
finite inner state widths.
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APPUDIX C

DESIGN CONSIDERATIONS FOR X-RAY S ROBTRIC INSTRKTS

Although two-crystal x-ray spectrometers have been in use for several
decades, relatively little has been published on the details of their
design. Discussion of the basic theory of the instrument by Schwarzschild,
Schnopper's recent discussion of alignment and its effects on spectral
measurement, and a handful of other papers constitute the available
material in this area. The purpose of this note is to point out an effect
which should be taken into account in spectrometer design and which hba
not, to our knowledge, been discussed elsewhere.

A common mode of operation of two-crystal spectrometers is that in
which crystal A is held fixed in position and crystal B is rotated through
some small angular range determined by the spectrometer geometry, x-ray
beam walking, and the size of the crystals. Crystal A is then turned to a
new position and the process repeated until the desired spectral region
has been thus scanned. It is in this mode of operation that the effect
with which we are concerned shows itself most clearly, though it is also
present in the case in which the two crystals are rotated simultaneously.

The effect is most easily described as follows: Consider the case in
which crystal A is fixed, crystal B is rotated, and the spectral region
thereby examined contains a strong x-ray emission line and a much weaker
line at some distance from it and near the edge of the allowable range of
rotation of crystal B. When crystal A is now rotated so that the range
of wavelengths Bragg reflected from it no longer includes the strong line,
but does include the weaker (as a reference wavelength, say), a discrep-
ancy appears in the measured intensities of wavelengths common to the two
measurements.

This effect may be quite large, easily of the order of several
per cent, and in extreme cases of the order of 50 per cent. One is thus
in difficulty in trying to establish a coherent, precise, intensity scale
over a long range of wavelengths in a spectrum. The effect arises from
the fact that in the first case mentioned above the strong line is Brag
reflected from crystal A, whereas In the second case it is not. The
scattering of radiation of this wavelength from crystal B is therefore
very different in the two cases and acccunts for the discrepancy in the
intensity measurements. The amount of the discrepancy so produced depends
on the relative intensities of the two spectral lines, on the physical
diffraction patterns of the crystals (especially on the size and extent
of the tail regions), and on the geometry of the spectrometer as it
affects radiation scattered from the second crystal and seen by the de-
tector.

While the effect cannot be avoided completely, proper attention in
spectrometer design to the problems of collimation and of shielding against

C-1

_ZZ;ZM



I iscattered radiation can help to reduce its magnitude. Serious concern
should be given to this problem whenever it is intended to use the
spectrometer for precision measurements of relative intensities of spectral
lines. The specific measures to be taken depend so much on the overall
spectrometer design that they can not be discussed profitably as a separate3 1issue.
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